1. Introduction {#sec1}
===============

Numerous studies have been conducted on the use of laser beams for welding dental metals, especially titanium alloys \[[@B1]--[@B4]\]. Following Maiman\'s introduction of the first appliance in 1960, many fields have focused on this technology including industry, the military, communications, and general/dental medicine \[[@B5]\]. Because of their effects on reducing the *heat affected zone* (HAZ) around the welding spot and their ability to maintain material properties, Nd : YAG lasers have been used in metal welding from the beginning. Another advantage of this laser is that it can join different metals much more successfully than other common techniques can \[[@B6]\].

Laser welding techniques began being used in dental offices and laboratories after 1970 \[[@B7]\]. Today, with the help of laser welding, a wide variety of procedures may be performed. For example, dental prostheses and bridges can be constructed or fixed \[[@B8], [@B9]\], implant titanium milled fixed dentures can be repaired \[[@B10]\], and custom-made laser-welded titanium implant prosthetic abutments can be generated \[[@B11]\]. Additionally, immediate replacement of removable partial dentures can be performed \[[@B12]\], orthodontic space maintainers can be fabricated \[[@B13]\], orthodontic wires can be joined \[[@B14]\], and broken appliances can be fixed \[[@B2]\].

Laser-welding techniques are being used intraorally with an optical fiber transmission. These techniques have been used in many dental offices for various procedures in recent years. In this way, clinicians using this technique can carry out an immediate repair of metallic fixed, removable, and orthodontic broken prostheses and appliances in their own offices, thus reducing the time needed for such repairs \[[@B2], [@B15]\]. One of the side effects of the welding procedure, however, is the heat produced during the procedure. This heat may cause thermal damage of the periodontal tissues and the tooth pulp. Fornaini et al. tested the thermal changes surrounding the teeth using two hemispherical metal plates placed on to mandibular molars which were laser welded at three points. The temperature changes in the pulp chamber, sulcus, root, and alveolar bone were measured with four K-thermocouple systems \[[@B16]\]. The authors reported that the highest thermal increase was 1.5°C in the pulp chamber, 0.7°C in the sulcus, 0.3°C in the root, and 0.3°C in the alveolar bone. This study demonstrated the biological compatibility of the intraoral laser welding method with the surrounding hard and soft tissues as the parameters used in this work \[[@B16]\].

Bock et al. \[[@B13]\] demonstrated the laser-welding procedure of orthodontic stainless steel wire to orthodontic molar bands for constructing space maintainers. Fornaini declared that the fabrication of space maintainers can be carried out intraorally. He also tested the pulpal and surrounding tissue-related temperature changes during laser welding of metal plates on calf teeth and found no critical pulpal temperature change. However, orthodontic molar bands covered and surrounded the molar tooth and thus we hypothesized that the temperature changes during laser welding may be higher than those observed with Fornaini\'s method. Moreover, using extracted human teeth may affect the outcome of the experiment since bovine teeth anatomy and structure may not be representative of the thermal conductivity of human teeth, which have been used in many studies \[[@B17]--[@B23]\]. Therefore, the aim of this study was to evaluate the temperature changes in the pulp chamber during welding of an orthodontic wire to an orthodontic molar band using an Nd : YAG laser *in vitro*. For the purposes of this study, the null hypothesis assumed that laser welding of orthodontic wire does not cause temperature increases above the critical threshold value of 5.5°C as reported by Zach and Cohen \[[@B24]\].

2. Materials and Methods {#sec2}
========================

A freshly extracted human third molar tooth was used in this study. The total thickness of the tooth, including dentine and enamel at the level of the crown, was 1.72 mm on the mesial side, 1.86 mm on the distal side, 1.70 mm on the lingual side, and 2.33 mm on the buccal side. The root was separated from the crown and the intrapulpal tissues were eliminated. An acrylic platform was constructed and emptied inside. The tooth was inserted on top of this platform (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). In the middle of the platform, a hole was drilled and a J-type thermocouple wire with a 0.36 inch diameter (Omega Engineering, Stamford, CT, USA) was pushed through the hole and positioned in the center of the pulp chamber. There were two wires in the thermocouple cable and one of them was placed in the medial fissure of the pulp roof and the other was located in the distal fissure ([Figure 2](#fig2){ref-type="fig"}). A conductor gel (Manhattan Computer Products, China) that imitated the pulpal tissue conductibility was injected into the pulp to ensure transfer of pulpal wall temperature changes to the thermocouple wire. An orthodontic molar band (3M Unitek, Monrovia, CA, USA) was applied to the molar tooth and bonded using multicure glass ionomer orthodontic band cement (3M Unitek, Monrovia, CA, USA). The film thickness of the glass ionomer cement between the crown and orthodontic band was approximately 25--35 *μ*m in accordance with the literature \[[@B25]\]. The space in the acrylic platform was then filled with C-silicone impression material (Zhermack Zetaplus, Rovigo, Italy) to fix the cable in its position. After this, both lateral and occlusal radiograms (Vario DG, Sirona, Bensheim, Germany) were taken to ensure that the wire was properly stabilized in its place ([Figure 2](#fig2){ref-type="fig"}).

Twenty pieces of 0.6 mm diameter orthodontic stainless steel wire (Levanit, Lewadental, Remchingen, Germany) were cut at 5 cm lengths and welded to the orthodontic band using the Nd : YAG laser (Fidelis Plus III, Fotona, Ljubljana, Slovenia). The study design is shown in [Figure 3(a)](#fig3){ref-type="fig"}.

The Nd : YAG laser parameters were as follows: output power: 9.40 W; frequency: 1 Hz; pulse duration: 15 ms; working distance: 31 mm; spot diameter: 0.6 mm; energy: 9.40 J; fluency: 2,300 J/cm^2^ ([Figure 4](#fig4){ref-type="fig"}). To standardize the working distance, an accessorial stick measuring 31 mm in length was attached to the laser probe ([Figure 3(b)](#fig3){ref-type="fig"}). The metal wire welded to the molar band is shown in [Figure 3(c)](#fig3){ref-type="fig"}. A small pilot study demonstrated that three pulses are enough to securely weld the piece of wire, and for standardization, the welding process was performed with only three pulses throughout the study. Compressed air was used after each shut to restore the test sample to initial room temperature for standardization.

The J-type thermocouple wire was connected to a data logger (XR440 Pocket Logger, Pace Scientific, NC, USA). During the welding procedures, temperature variations were determined and the changes from the baseline room temperature (26°C) to the highest temperatures were recorded. The sampling rate of the data logger was two seconds. The collected data were monitored in real time and transferred to a computer. The data was available in both tabular and graphic form. Temperature changes were recorded every two seconds from the start of welding and continued for approximately 10--20 seconds until the temperature started to decrease. The outcome data ([Figure 4](#fig4){ref-type="fig"}) were analyzed using descriptive statistics including mean, maximum, minimum, and standard deviation.

3. Results and Discussion {#sec3}
=========================

The outcome was established with a *time-temperature change graph* developed by the computer software and a representative graph is shown in [Figure 4](#fig4){ref-type="fig"}. In this graph, the initial temperature of the thermocouple was 26°C and after the application of welding the temperature rapidly increased to a maximum value of 32.80°C. These results were recorded, the alterations were calculated, and statistical analyses were carried out. Mean, maximum, minimum, and standard deviation of the temperature change values are presented in [Table 1](#tab1){ref-type="table"}.

The statistical analyses showed that the temperature changes were between 1.80°C and 6.80°C (mean: 3.33 ± 1.10°C). According to Zach and Cohen\'s study, the reported critical 5.5°C level \[[@B24]\] was exceeded in only one sample in our study (6.80°C). The rest of the values were below 4.80°C (mostly between 2.23°C and 4.43°C). The null hypothesis was thus accepted.

This work demonstrated the temperature changes occurring in the tooth pulp during laser welding of an orthodontic wire to an orthodontic molar band. This procedure simulates the construction of a banded orthodontic space maintainer in the dental office.

Space maintainers are fixed or removable appliances used to preserve arch length following the premature loss or elective extraction of a tooth or teeth. Fixed appliances are easier to maintain, and they are less likely to be damaged, lost, or removed \[[@B26]\]. Traditionally, the band-loop fixed retainers were generated by adapting a molar band to the related tooth and having a cast model of the patient. The band is then transferred to the cast; a stainless steel orthodontic round wire is organized and bent to maintain the space next to the adjacent tooth and then the metal is attached either by soldering or brazing. This process needs time for construction of the appliance in the laboratory. However, the intraoral laser welding method introduced by Fornaini et al. \[[@B2]\] is more practical and easy to perform. Moreover, it is a time saver for a dental practice.

A study by Nayak et al. demonstrated a method that excluded the impression taking and casting model phase of the band loop space maintainer \[[@B27]\]. However, his method still included the first welding and initial attachment of the band and wire followed by soldering them together firmly and cementing them. This is more practical than the traditional method but a certain amount of chair-side time is still needed.

The current study describes the temperature changes of the pulp cavity during the laser welding of an orthodontic band with an orthodontic stainless steel wire. A similar study was performed by Fornaini et al. \[[@B16]\] using a calf mandible and they showed that the temperature increases in all elements were below the safety level for pulp injury. Our findings are in accordance with Fornaini\'s study.

There are several advantages of using laser welding technology in dental practices. The use of the same parent metals, either with or without soldering, reduces galvanic corrosion \[[@B28]\]. The small diameter of the HAZ facilitates welding in a very narrow area that may be close to acrylic resin or ceramic parts without damaging the prosthetic structures \[[@B29]\]. It also remarkably reduces chair time or laboratory time, thus expediting the doctors and technicians \[[@B15]\]. However, some precautions must be taken during the welding procedure. It is thought that the probe of the device should be stabilized during laser exposure either by fixing the holding hand to the patient\'s chin or by supporting it with the opposing hand.

The laser device that was used in this study is capable of combining two different wavelengths which are erbium : yttrium-aluminum-garnet (Er : YAG, 2,940 nm) and Nd : YAG (1,064 nm). Due to insufficient output power for welding metals, diode lasers were left out. It should also be noted that laser welding of titanium using an Nd : YAG laser requires very high pulse energies and an atmosphere of argon gas. Therefore, there are currently limitations to using this technique for welding titanium intraorally.

Fornaini declared that the low temperature rise in the tooth pulp during welding could be explained with the low number of pulses (4 to 5) and the low fluence transferred to the biological structures (fluence = joules per square centimeter; joules = watts per second) \[[@B16]\]. In this study, the fluence was decreased to 2,300 J/cm^2^ compared with Fornaini\'s fluence parameter of 3,480 J/cm^2^. However, the mean temperature rise of this study (3.33 ± 1.1°C) was higher than Fornaini\'s (0.71 ± 0.45°C). This might be due to the orthodontic band which tightly covers the crown of the tooth and the closer approximation of the welding spot to the pulp compared to Fornaini\'s study design. Moreover, our study was conducted using an extracted human tooth instead of bovine or calf teeth which are thought to have thicker dentine and enamel layers.

In this study, the pulpal temperature changes were below the critical value of 5.5°C. However, one of the samples showed a higher change which may be hazardous for pulpal health. It can be assumed that this hazardous change of temperature could be due to malpractice of the clinician who aimed the laser probe directly on the molar band instead of the stainless steel wire. Using the laser in this manner may lead to the creation of a hole on the band and cause unwanted increases in pulpal temperature. As mentioned above, welding applications require the clinician to be extremely attentive while sending the laser beam to the metals intraorally. This may be a disadvantage of the application. However, intraoral laser welding is a very convenient and practical method with all its positive features. Further studies with larger samples and structural analysis are required to settle this procedure down to a large range of dental branches.

4. Conclusion {#sec4}
=============

The results of this study suggest that intraoral use of lasers holds great potential for the future of orthodontics and does not present a thermal risk. However, delicate manipulation of the device is advised to minimize discomfort or possible injury to the surrounding tissues in case of extended exposure.
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![(a) The top view of the acrylic platform and the molar tooth with orthodontic band placed in the middle. (b) The bottom image of the acrylic platform. Note that the inside of the platform was emptied and the crown of the molar tooth was inserted on top of it. The root portion was removed and the cap of the pulp can be seen with conductor gel injected into the cavity providing the transfer of outside temperature changes to the thermocouple wire imitating the pulpal tissue conductibility. The cable was inserted through a hole on the platform.](TSWJ2014-589461.001){#fig1}

![Lateral and occlusal radiograms were taken to ensure that the wire was properly inserted in its place. Two wires in the thermocouple cable can be seen; one of them was placed in the medial fissure of the pulp cap and the other was located in distal fissure.](TSWJ2014-589461.002){#fig2}

![(a) The study design of the recent study. A thermocouple device on the right, the banded tooth with an acrylic platform in the middle, and the laser welding probe. (b) Fiber-delivered probe Nd : YAG laser on which 31 mm stick was attached for standardization. (c) The welded stainless steel 0.016′′ orthodontic wire to the molar band.](TSWJ2014-589461.003){#fig3}

![The monitor view of the computer program showing one of the outcomes of the temperature changes during laser welding.](TSWJ2014-589461.004){#fig4}

###### 

Descriptive statistics of the outcomes of thermocouple test.

  Temperature change (°C)   
  ------------------------- ------
  Mean                      3.33
  Max                       6.80
  Min                       1.80
  sd                        1.10
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